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INTRODUCTION 
ln the ultrasonic community there is a growing use of models to simulate inspection 
processes [1,2]. One necessary input to such models is knowledge of the transducer's radiation 
pattern. The radiation pattem of a commercial transducer often approximates that of an ideal, 
focused, piston transducer with appropriately chosen parameters (element dimensions and focal 
lengths), and these "ideal probe" parameters often serve as model inputs. ln th1s paper we 
demonstrate beam mapping methods for determinmg these parameters. For probes with circularly 
symmetric beam cross-sections, an axial scan of the beam suff1ces. For more general probes, C-
scan data are acquired to map out the beam cross section at several different waterpaths. ln each 
case, the transducer parameters are determined by adjusting their values to minimize the 
discrepancy between the measured and model amplitudes. A technique for handling misaligned 
data is also described. Measured and fitted fields are compared for a variety of transducers 
(spherically, cylindrically, and bi-cylindrically focused) including one with a presumably damaged 
element. ln addition, the axial scan and C-scan methods are compared for one circular, spherically-
focused transducer. 
METHOD 
All experimental work was carried out using a standard ultrasonic pulse/echo mspection 
system [3]. A pulsing unit (Panametric 5052PR) supplied an initial valtage spike to the transducer, 
resulting in the generation of a broadband ultrasonic pulse traveling toward a reflecting target (see 
Fig. 1 ). Retuming sound echoes were converted to electrical signals by the transducer, amplified, 
and input to a LeCroy 9400A digitizing oscilloscope. Digitized waveforms, sampled at a frequency of 
1 OOMHz, were then sent to a personal computer for analysis and storage. The transducer was 
mounted on a gomometer with two (manual) rotational degrees of freedom, and the goniometer in 
turn was attached to a bridge allowmg computer-controlled translational motion in the two lateral 
directions parallel to the bottom of the tank. The reflecting target was fixed in the water tank, being 
oriented horizontally for axial scans (Fig. 1) and vertically for C-scans. The transducer was aimed at 
the target, and aligned so that the beam axis remained approximately centered on the target when 
the transducer was moved in the z direction of Fig. 1. ln the axial scanning method, the transducer 
was moved in the -z direction, with small periodic adjustments (every other data point 1n steps of 
0.025", 0.0125", or less) of its x and y coordinates to ensure that the beam axis was weil centered 
on the target. The transducer was assumed to be centered in the x direction when the appearance 
of the echowas the same at X=+Ö and x=-ö, and similarly for the y direction. ln the C-scan method, 
the transducer was scanned over a grid of points in the xy plane (a scan size area of typically 1"X1" or 
1.25"X1.25" in 0.025" steps) for several different waterpaths to the target bracketing the focal 
zone. For both scanning methods, an RF echo from the target was acquired at each transducer 
position and its discrete Fourier transform was computed. Spectral magnitudes at several selected 
frequencies in the bandwidth were stored for later analysis. 
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Fig. 1. Scanning geometry: (a) probe-based coordinate system; (b) reflecting target. An axial scan 
along beam axis (x=y=O) was used for a circular, spherically focused probe and C-scans in xy at 
several waterpaths for other probes. 
ln the characterization process a given transducer is assumed to behave like an ideal, 
focused, piston probe. The piezoelectric element is modelled as either a reetangle or an ellipse 
having uniform vibrational amplitude across its face, and the lens is assumed to only alter curvature 
of initial wavefront. There are up to four model parameters: the element diameters (full widths) in the 
x and y directions, denoted by Dx and Dy; and the geometric focallengths (radii of initial wavefront 
curvatures) in the xz and yz planes, denoted by Fx and Fy. The model parameters are deduced by 
adjusting their values to minimize the difference between the spectral amplitudes of the measured 
and model fields. ln particular, at each analysis frequency, an optimization routine minimizes the 
function: 
(1) 
where r ft,xik•YJ·k,zk) is the magnitude of the spectrum at frequency f for the measured 
measured. 
echo from the target at position Xik·Yjk•Zk , c is an adjustable constant associated with transducer 
efficiency and pulser setting, Umode(t.xik·Yjk•zk) is the magnitude of the incident model 
displacement field at frequency f at the same target coordinate point, e- 2azk is the frequency and 
temperature dependent attenuation of water, and the sum isover all target positions. ln Eq. (1) we 
are assuming that the target response is proportional to the square of displacement incident on the 
target (1]. ln general, the model displacement is evaluated using Gauss-Hermite beam model (4]: 
(2) 
where Cm,n are expansion coefficients which depend on probe parameters and the GHm,n are 
Gauss-Hermite expansion functions. For the axial scan case of a spherically-focused circular probe, 
it is simpler to use a well-known analytic expression for the on-axis field [3,5]. Note that for a given 
choice of (Dx,Dy,Fx,Fy}, the proper value of c which minimizes Eq. (1) can be found from a simple 
auxiliary equation obtained from dChi2tdc=O. 
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EXPERIMENTAL MISALIGNMENT 
When C-scan data is acquired the apparatus may not be perfectly aligned. Our analysis 
software can recognize and correct for minor misalignment by locating the center of mass of the data 
and principal symmetry axes. Let original scan coordinates be: (Xsij·Ysij), ij=1 , ... ,LM. Then the center 
of mass (CM) or centroid of the region is [6]: 
LM LM 
.I: XsijAij .I: YsijÄij 
ij = 1 ij = 1 
Xcm = LM ·Ycm = ..!.--,L'"""'Mc-=--- (3) 
.I: Aij .I: Aij 
ij = 1 ij = 1 
where Aij are scan amplitudes.The new scan coordinates with respect to the centroid are defined as 
Xij = Xsij - Xcm and Yij = Ysij - Ycm· The new Coordinates system are rotated with respect to principal 
axis system [6]: 
LM LM LM 
lx = .I: AijYff. ly = .I: Aijxff, lxy = .I: AijXijYij (4) 
ij = 1 ij = 1 ij = 1 
Then, the rotation angle is calculated as: 
9 =tan- '(- ( lx ~';,V.) 12 (5) 
Finally, the shifted and rotated scan coordinates are used when model fields are calculated: 
X= XijCOS (e) + Yijsin (e) and Y = YijCOS (e)- XijSin (e) (6) 
Care must be taken when applying Eqs. (3)-(6) in cases where appreciable backscattered amphtude 
lies outside of the scan region. Rather than using all of the data to compute the CM and rotation 
angle, only a portion is used which extends symmetrically about the actual CM of the full beam 
pattern. This requires that a simple iteration procedure be followed. 
To test the procedure for data misalignment, synthetic spectral amplitudes generated using 
Gauss-Hermite beam model were used in place of measured values in Eq. (1). 8oth aligned and 
misaligned versions of the synthetic data were used, andin each case the proper values of probe 
parameters were recovered by the fitting procedure. One such example is shown in Fig. 2. 
SELECTED AXIAL SCAN RESUL TS 
The axial scanning method was applied to three spherically-focused, immersion transducers 
having the same nominal properties. As described by their manufacturers, these were 5-MHz, 
broadband transducers with 1" diameters and 8" focallengths in water. Todetermine the effective 
diameter and geometrical focallength for each of the three transducers, axial beam-mapping 
measurements were made and analyzed. ln the fitting procedure Dx=Dy=D and Fx=Fy=F were 
assumed, so there were two fitted parameters at each frequency. Fig. 3 displays the measured 
response for one of the transducers at 5.08 MHz, and the fitted model response at the same 
frequency. The variations with frequency of the fitted values of D and F are illustrated in Fig. 4 for 
each of the three transducers. ln that figure, results are shown for the central range of bandwidth 
frequencies where the backscattered responses are highest and the measured data is most 
trustworthy. 
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Fig. 2. Synthetic C-scan data for a 5-MHz cylindrically-focused test case (a) Weil aligned. (b) Badly 
misaligned. (c) Deduced probe parameters. The assumed probe parameters are Dx=1", Dy=0.5", 
Fx=8", Fy=oo (fixed). 
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Fig. 3. Measured spectral amplitude at 5.08 MHz as a function of the one-way water path for one 
spherically-focused transducer, and the model prediction assuming the fitted values of D and F. 
Note the sharp null structure for waterpaths less than 6 inches. 
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Fig. 4. Effective diameter (a) and geometric focallength (b) deduced for each of three nominally 
identical spherically-focused transducers. 
930 
Measured and predicted field responses of a fourth 5 MHz spherically-focused probe are 
shown in Fig. 5a. ln this case the nominal diameter is 0.75" and the nominal focallength is 6". Note 
that the measured near field nulls are not as sharp as those seen in Fig. 3. ln this case the 
piezoelectric elementwas damaged, resulting in a radiation pattern which was not circularly 
symmetric. That Iack of symmetry is illustrated in the C-scan image of the backscattered response 
shown in Fag. Sb. 
SELECTED C-SCAN RESULTS 
To test the relative compatibility of the axial scan and C-scan techniques, both methods 
were applied to an undamaged spherically-focused probe having nominal properties of 0. 75" 
diameter and 6" focallength. Waterpaths of 3.4, 4.7, 6.0, 7.3, and 8.6 inches were used for C-scan 
measurement. 8oth analysis assumed Dx=Dy=D and Fx=Fy=F (two fitting parameters). Overall, the 
two methods were found to yield similar results as shown in Figs. 6-7. As expected, diffraction 
caused the geometric focallength (near 8") to exceed the "actual" focallength (near 6" at 5 MHz). 
The greatest differences an the fitted parameters from the two methods occurs near 4 MHz, where 
the C-scan technique yield a smaller element diameter and a greater focallength. Such parameter 
differences presumably occur because a commercial transducer does not behave precisely like 
ideal focused piston probe. The axial-scan method attempts to maximize the agreement between 
measured and model fields along the beam axis, while the C-scan method principally makes use of 
off-axis data. lf we restriet the C-scan analysis to use only data that is very near to the beam axis, we 
then find much better agreement between the fitted parameters determined by the two methods. 
For our next example, the C-scan method was applied to a cylindrically-focused transducer 
having a nominal 8" focal length and 1.0"x0.5" element size. The element shape appeared to be 
neither reetangular nor elliptical, but rather that of a reetangle with rounded corners. C-scan data 
were acquired at 4.5, 5.5, 6.5, 7.5, 8.5, and 9.5 inch waterpaths, and two model treatments were 
made assuming reetangular and elliptical element shapes, respectively. Three fitting parameters 
were used (Dx,Dy.Fx) with Fy fixed at infinity. Results are shown in Figs. 8-9. The radiation pattern 
near the focus is mainly determined by the area and aspect ratio of the element and the focallength 
of the Jens. Because the area of an ellipse is smaller than that of a reetangle with simalar lateral 
dimensions, the fitted dimensions of the elliptical element are seen to be !arger than those of the 
reetangular one. The fitted focallengths differ by much less. The radiation patterns for the elliptical 
and reetangular treatments are seen an Fag. 9 to be very similar an the focal zone (7.5"), but there are 
obvious differences in the near field. 
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Fig. 5. (a) Measured and predicted pulse/echo responses for a 5-MHz spherically-focused 
transducer having a damaged element. (b) C-scan image of the response in the near field. 
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Fig. 6. Comparison of the effective diameters (a) and geometric focallengths (b) deduced by the 
axial-scan and C-scan methods for one 5 MHz spherically-focused transducer. 
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Fig. 7. C-scan images of reflected amplitude at 3.9 MHz from (a) Experiment, (b) Theory (C-scan fit), 
and (c) Theory (axial-scan fit). Upper row: 3.4". Lower row: 6.0" waterpath. 
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Fig. 8. Comparison of effective probe width x (a), probe width y (b), and geometric focallength (c) 
of reetangular and elliptical element shapes for a 5 MHz cylindrically-focused transducer. 
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(a) (b) (c) 
Fig. 9. C-scan images of reflected amplitude at 5.1 MHz for a cylindrically-focused transducer. (a) 
Experiment (b) Theory (elliptical element) (c) Theory ( reetangular element). Upper row: 4.5" 
waterpath. Lower row: 7.5" waterpath. 
For our last example, the C-scan method was used to characterize a 5 MHz bi-cylindrically 
focused transducer having a circular element with a nominal diameter of 1". The lens was designed 
to produce a near-circular focal spot 1.55" deep in a 6"-diameter Ti-64 billet when the inspection 
waterpath was 3". C-scan data were acquired at 4.25, 5.25, 6.25, 7.25, and 8.25 inch waterpaths. ln 
the data analysis, all four modal parameters (Dx,Dy,Fx,Fy) were varied to optimize the agreement 
between the measured and model responses. The deduced transducer parameters are shown in 
Fig. 10, and measured and model C-scan images are compared in Fig. 11. Dx and Dy were found to 
be nearly equal, as expected for a circular p1ezoelectnc element. The focallengths in the xz and yz 
planes were quite different, however, with Fx being smaller to counter the beam divergence 
induced by the billet curvature. This Ieads to an interes!lng radiation pattern in water. Notice in Fig. 
11 that the beam is narrewer in the x direction (horizontal) than in y (vertical) at the 5.25" waterpath, 
but the relationship is reversed for the 8.25" waterpath. 
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Fig. 10. Effective diameters (a) and geometric focallength (b) deduced for a 5 MHz bi-cylindrically 
focused transducer. 
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(a) (b) (c) (d) 
Fig. 11. C-scan images of reflected amplitude at 5.1 MHz for bi-cylindrically focused transducer. 
(a) Experiment and (b) Theory at 5.25" waterpath. (c) Experiment and (d) Theory at 8.25" waterpath. 
SUMMARY 
We have demonstrated beam-mapping methods for experimentally determining parameters 
to characterize focused commercial transducers. The parameters were the element width (Dx,Dy) 
and geometric focallengths (Fx and Fy) of the ideal focused piston transducer whose radiation 
pattern most closely approximates that of the transducer in question. These parameters were 
determined as functions of frequency within the useable bandwidth of the transducer. Axial 
scanning suffices for circular, spherically-focused transducers. However, C-scanning is needed for 
more general transducers, with 4 or 5 waterpaths bracketing the focal zone recommended. The C-
scan method contains a procedure which corrects for misaligned (shifted and/or rotated) scan data. 
The axial-scan and C-scan methods were shown to give similar results for a spherically focused 
transducer. The C-scan method was applied to cylindrically and bi-cylindrically focused transducers, 
as weil, and the deduced probe parameters were found to be relatively independent of frequency. 
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